I
ntracerebral hemorrhage (ICH) is a deadly disease with short-term mortality of 40% and 6-month dependency rate of 80%.
1,2 A third of ICH patients develop significant hematoma expansion, and this number is doubled in anticoagulated patients. 3 Hematoma expansion worsens outcomes, which provides a therapeutic opportunity to intervene. However, mechanisms contributing to hematoma expansion are poorly understood. Presumably, ICH starts with the rupture of a single vessel, giving rise to an initial hematoma. In 1971, Fisher 4 introduced the idea that the mass effect of the initial hematoma may tear surrounding arteries or arterioles by shearing, leading to secondary bleeding and hematoma expansion, like an avalanche. He proposed that at least parts of the final hematoma volume are explained by this theory.
Additional human data support this theory. For example, the spot sign (contrast extravasation within an ICH) on computed tomography angiograms, especially when multiple (30%-50% of cases with spot signs), is suggestive of bleeding from secondary ruptures. [5] [6] [7] [8] Simultaneous extravasation from multiple vessels has been reported during cerebral angiography after ICH. 9 In a case where ICH occurred while the patient was in the magnetic resonance imaging scanner, the developing hematoma changed its pace of growth in the different axes over time, implicating cascades of local vessel bursts. 10 Consistent with this, the density and irregular shape of ICH has been predictive of growth in large cohorts as well. 11 Although such observations are suggestive, the theory has never been examined in an experimental setting. To test the avalanche hypothesis of secondary bleeding after ICH, we developed a new experimental model in mice, modified the established autologous blood injection model, and examined the influence of the volume and the speed of growth of the initial hematoma, anticoagulation, and blood pressure (BP), on secondary hemorrhage. Our data provide proof of concept and identify coagulation status and BP as potential determinants of secondary arterial rupture and bleeding.
Background and Purpose-Mechanisms contributing to acute hematoma growth in intracerebral hemorrhage are not well understood. Neuropathological studies suggest that the initial hematoma may create mass effect that can tear vessels in the vicinity by shearing, causing further bleeding and hematoma growth. Methods-To test this in mice, we simulated initial intracerebral hemorrhage by intrastriatal injection of a liquid polymer that coagulates upon contact with tissue and measured the presence and volume of bleeding secondary to the mass effect using Hemoglobin ELISA 15 minutes after injection. Results-Secondary hemorrhage occurred in a volume-dependent (4, 7.5, or 15 μL of polymer) and rate-dependent (0.05, 0.5, or 5 μL/s) manner. Anticoagulation (warfarin or dabigatran) exacerbated the secondary hemorrhage volume. In a second model of hematoma expansion, we confirmed that intrastriatal whole blood injection (15 μL, 0.5 μL/s) also caused secondary bleeding, using acute Evans blue extravasation as a surrogate. Anticoagulation once again exacerbated secondary hemorrhage after intrastriatal whole blood injection. Secondary hemorrhage directly and significantly correlated with arterial blood pressures in both nonanticoagulated and anticoagulated mice, when modulated by phenylephrine or labetalol. Conclusions-Our study provides the first proof of concept for secondary vessel rupture and bleeding as a potential mechanism for intracerebral hematoma growth. for each data set are indicated in figure legends.
Intrastriatal Liquid Polymer Injection and Measurement of Extravascular Tissue Hemoglobin
To obtain the initial proof of concept, we sought to mimic primary intrastriatal hemorrhage by injecting a space occupying, nonblood liquid that gradually solidified after contact with tissue and can be easily distinguished from secondary bleeding. As a substance with biomechanical properties similar to blood, we used Onyx18, which is a nonadhesive liquid embolic agent used in clinical practice for the embolization of brain arteriovenous malformations. It comprised 6% ethylene vinyl alcohol copolymer dissolved in dimethyl sulfoxide and tantalum powder. Upon injection, Onyx18 precipitates into a coherent solid (for more information see www.ev3.net) that makes it suitable to simulate ICH. Onyx18 has a viscosity comparable to blood, hardens from the periphery to the inside, and allows slow but sustained injection to yield ICH-like mass effect with shapes similar to those routinely observed in the clinical setting. Before usage, liquid polymer was shaken for 20 minutes according to the manufacturer's manual. Mice were anesthetized using isoflurane (1.5%-2% in 30% O 2 /70% N 2 O) and allowed to breathe spontaneously. A small burr hole was drilled 2.5 mm lateral, 0.5 mm anterior to bregma. A 28 gauge syringe was flushed with dimethyl sulfoxide before usage, analogous to the preparation of the catheter system in clinical practice, and loaded with liquid polymer. The needle was slowly lowered to a depth of 3.5 mm into the striatum, and the polymer was injected at various volumes and rates using an infusion pump ( Figure 1 ). After injection, the needle was removed and mice were allowed to wake up in their cages. There was no backflow as the polymer gradually solidified upon contact with tissue. Fifteen minutes after Onyx18 injection, mice were transcardially perfused with 60 mL of PBS under deep (5%) isoflurane anesthesia to clear intravascular blood, which was confirmed grossly after brain removal by absence of blood in pial vessels. Brains were removed and cut into 1 mm coronal slices by means of a mouse brain matrix and solidified polymer removed from brain tissue. Tissue between 3 mm anterior and 3 mm posterior to the needle track was divided into left and right hemisphere, homogenized in cell lysate buffer, and centrifuged at 14 000 rpm for 20 minutes. To determine the protein concentration, Bio-Rad Protein Assay was used. A Mouse Hemoglobin ELISA (Abcam) was performed for ipsilateral hemispheres thereafter.
Intrastriatal Blood Injection and Measurement of Evans Blue Leakage
To directly simulate ICH in a separate cohort, we injected arterial blood into the striatum. Femoral artery was catheterized under isoflurane anesthesia (1.5%-2% in 30% O 2 /70% N 2 O) in spontaneously breathing mice. Rectal temperature was monitored and maintained at 37°C via a heating pad (TC-1000 Temperature Controller; CWE, Ardmore, PA). Blood for injection was drawn from the heart of deeply anesthetized (5% isoflurane) donor mice of the same strain and transferred to tubes containing 10 μL EDTA. To measure secondary hemorrhage, 200 μL of Evans blue (2% in normal saline) was injected through a femoral artery catheter 10 minutes before intrastriatal blood injection. Mice were then placed in a stereotaxic frame. A burr hole was drilled on the right side at 2.5 mm lateral and 0.5 mm anterior from bregma. Thereafter, a 28.5 gauge×1/2 syringe was filled with donor blood, the needle slowly lowered 3.5 mm deep from cortical surface into the striatum, and 15 μL was injected using an infusion pump at a rate of 0.5 μL/s. The needle was left in place for 2 minutes and then slowly removed. Sham-operated animals received no injection after needle insertion. Fifteen minutes after intracerebral blood injection or sham, mice were deeply anesthetized (5% isoflurane) and perfused transcardially with 60 mL PBS to wash out the remaining blood and Evans blue from the circulation. Three animals died shortly before the 15-minute time point for tissue harvesting (1 each in warfarin, phenylephrine, and labetalol groups). These mice were processed as usual and included in the analyses, but since less time has passed after the primary bleed, the volume of secondary bleeds in these mice may have been slightly underestimated. Brains were removed and cut into 1 mm slices using a mouse brain matrix. Six slices around the needle track were identified and divided into left and right hemispheres. Samples were stored at −80°C until homogenization in redioimmunoassay precipitation buffer at room temperature and centrifugation at 3000 relative centrifugal force for 10 minutes. The supernatant was read (excitation/emission: 585 nm/680 nm) using a fluorescence plate reader (SpectraMax M5; Molecular Devices, CA). Calculations were based on standards obtained by supernatant of naive brain tissue spiked with known amounts of Evans Blue (2×10 5 ng/mL). The amount of Evans blue was quantified according to a linear standard curve and is expressed as ng Evans blue per mg brain tissue.
BP Monitoring and Manipulation
BP was monitored throughout the intrastriatal blood injection protocol via the femoral artery catheter (MacLab; ADInstruments, Colorado Springs, MO). To elevate the BP, selective α 1 -adrenergic agonist phenylephrine (10 mg/kg in 120 µL saline) was injected intraperitoneally after the intra-arterial Evans blue injection. The striatal blood injection was performed when BP peaked, typically within 5 minutes. To lower the BP, α 1 and β 1 /β 2 adrenergic blocker labetalol (7.5 mg/kg in 180 µL saline) was administered through the femoral artery catheter over 5 s after the onset of striatal blood injection.
Anticoagulation
Warfarin (2.5 mg/kg) was administered via drinking water for 30 hours following a previously established protocol. 12 In brief, a 5 mg Coumadin tablet (crystalline warfarin sodium; Bristol Myers Squibb, New York City, NY) was dissolved in 375 mL of tap water. No other water was supplied. The international normalized ratio values were 5.6±2.2, consistent with previous reports.
12-14 Control mice received regular tap water. Dabigatran (110 mg; Pradaxa, Boehringer Ingelheim, Ingelheim, Germany) was dissolved in tap water at a concentration of 20 mg/mL, 15 and administered via orogastric gavage at a dose of 75 mg/kg in 3.75 mL/kg volume every 8 hours for 3 doses. 13, 15, 16 
Results
Liquid polymer injection created a well-circumscribed solid mass that was limited to the striatum. Multiple foci of secondary hemorrhage were visible mainly around the perimeter of the polymer, as evidence of secondary vessel rupture ( Figure 1A ). This was best demonstrated by 3-dimensional reconstructions of serial cryosections ( Figure 1B ; Movie I in the online-only Data Supplement). Sham-operated mice occasionally showed minimal secondary hemorrhage within the needle track. When quantified by hemoglobin ELISA, the secondary bleeding volume depended on the injected polymer volume (P=0.0001; Figure 1C ). In contrast to secondary bleeding caused by 7.5 and 15 µL polymer injection, bleeding after 4 μL polymer did not differ from sham group suggesting a threshold effect. Secondary hemorrhage volume was also related to the speed of polymer injection, lending support to the avalanche theory (P=0.0011; Figure 1C ). Anticoagulation with warfarin or dabigatran dramatically increased the secondary hemorrhage in a third of the cohort (P=0.0123; Figure 1D ; Movie IB in the online-only Data Supplement). Secondary hemorrhage volumes did not differ between warfarin and dabigatran, although the sample size was not powered to test this. As an important control, 50% or 100% dimethyl sulfoxide injections yielded much lower tissue hemoglobin content compared with liquid polymer injections, and comparable to needle insertion alone, suggesting that dimethyl sulfoxide in the polymer does not affect the natural course of secondary bleeding ( Figure I in the online-only Data Supplement).
Intrastriatal blood injection resulted in grossly and histologically visible Evans blue leakage predominantly around the primary injection site (Figure 2A) , with a spatial distribution similar to blood after liquid polymer injection as described above. Because Evans blue was quantified only 15 minutes after the primary ICH, extravasation could only be explained by secondary bleeding, rather than blood-brain barrier opening (eg, transcytosis), which does not occur until several hours after the onset of ICH. 17 We next examined the impact of mean arterial BP and anticoagulation on secondary hemorrhage in this model. Intrastriatal blood injection caused an acute increase in BP by ≈40 mm Hg, which persisted until sacrifice 15 minutes later ( Figure 2B ). Treatment with phenylephrine elevated the resting BP by about 60 mm Hg, which further increased by another 25 mm Hg after intrastriatal blood injection. Treatment with labetalol diminished the BP surge caused by intrastriatal blood injection and brought the postinjection BP back to preinjection levels. Anticoagulation per se did not directly influence the BP. Altogether, these interventions created 3 tiers of BP after ICH, alone or in combination with anticoagulation ( Figure 2B ).
All ICH groups had larger secondary hemorrhage than sham controls within the ipsilateral hemisphere (P<0.0001; Figure 2C ). Tissue Evans blue concentrations were significantly higher within the ipsilateral hemisphere compared with contralateral hemisphere in all ICH groups, but not in sham controls (P<0.0001; Figure 2C ). As with the liquid polymer method, anticoagulation markedly augmented secondary hemorrhage. Elevating the BP with phenylephrine did not further increase secondary hemorrhage, suggesting a ceiling effect. However, lowering the BP by labetalol significantly reduced secondary hemorrhage in anticoagulated animals. Secondary hemorrhage significantly correlated with BP in both nonanticoagulated and anticoagulated cohorts ( Figure 2D ). # P<0.05 vs sham). Increasing speeds of polymer injection (0.05, 0.5, 5 µL/s) caused progressively larger volumes of secondary hemorrhage that once again appeared to be bimodal, as measured by hemoglobin ELISA (P=0.0011; Kruskal-Wallis nonparametric 1-way ANOVA followed by Dunn multiple comparisons test; *P<0.05 vs other injection rates). D, Warfarin or dabigatran anticoagulation significantly increased secondary hemorrhage compared with nonanticoagulated animals. The bimodal distribution appeared to be accentuated by anticoagulation; approximately one-third of the anticoagulated cohort had hemorrhage levels that were 15-fold higher than the rest (*P=0.0326; χ 2 for hemoglobin >700 or <700 ng/mg).
Discussion
Here, we provide the first experimental evidence supporting Fisher 4 avalanche theory of secondary hematoma expansion after ICH through mechanical shear or tear of other vessels in the vicinity. As pathological evidence of secondary vessel rupture, multiple blood spots were seen around the initial hematoma. Using 2 independent but complementary experimental models, we show that the volume of secondary bleeding strongly depended on the volume and speed of growth of the initial hematoma. Anticoagulation with warfarin or dabigatran markedly enhanced secondary bleeding. Last, the volume of secondary bleeding correlated with BP and could be ameliorated using antihypertensive treatment in the setting of anticoagulation.
Review of the scatterplots of secondary hemorrhage volume suggests they occur in a bimodal distribution, with reasonably distinct groups of small versus large secondary hemorrhages particularly in the presence of anticoagulation ( Figures 1C, 1D, and 2C) . The bimodal distribution of secondary hemorrhage volume suggests that it does not necessarily occur in every ICH, perhaps critically dependent on the presence of a vulnerable artery or arteriole in the vicinity of the growing mass. Consistent with this, in cases of small human ICH, Fisher 18 has observed only 1 ruptured vessel on serial sections. Our experimental results also parallel the bimodal distribution of hemorrhage volumes measured in 46 lobar hemorrhage patients, which demonstrated reasonably distinct groups of microbleeds and macrobleeds. 19 Anticoagulation presumably enhances the hematoma expansion by increasing the likelihood of multiple secondary microbleeds that grow or coalesce into macrobleeds, which may cause additional vessels to rupture creating an avalanche or domino effect. Additional determinants of secondary hemorrhage are likely to be the location and physical properties of initial hematoma formation, coagulation status and the presence, size, and structural vulnerability of nearby arteries and arterioles for mechanical tear. For example, increased hemorrhage volumes after intracerebral blood injection in rats with diabetes mellitus when compared with controls without diabetes mellitus may be explained by impaired coagulation or higher vulnerability of diabetic arteries to shear forces. 20 Besides the mechanical disruption of blood vessels by expanding hematoma (ie, the avalanche theory), other factors might also contribute to secondary bleeding and hematoma expansion, such as plasma kallikrein in the hyperacute stage, 20, 21 and upregulation and activation and of proteolytic enzymes such as MMP-2 (matrix metalloproteinase) and MMP-9 in later stages.
In an attempt to estimate the actual volume of secondary hemorrhages, we performed calculations using the following parameters: (1) ≈72 mL/kg blood volume, 35 g body weight, and 150 mg/mL circulating blood in normal CD-1 mice, 22 and (2) 1.6 mg/mL circulating blood Evans blue concentrations after systemic administration based on the dosage. For side-byside comparisons, we used data from 15 μL liquid polymer or homologous blood injection experiments at 0.5 μL/s injection rate in nonanticoagulated mice. In liquid polymer experiments, the measured total extravasated tissue hemoglobin content corresponded to ≈0.2±0.1 μL of secondary hemorrhage (as seen in Figure 1B, nonanticoagulated) . In homologous blood injection experiments, the measured total extravasated tissue Evans blue content corresponded to 1.7±1.0 μL of secondary hemorrhage (≈10% of primary hematoma). In comparison, anticoagulated mice developed much larger secondary hemorrhages. For example, liquid polymer injection in warfarintreated animals ( Figure 1D , blue symbols) yielded 0.9±1.3 μL of secondary hemorrhage, whereas homologous blood injection in warfarin-treated animals ( Figure 2C , red bars) yielded 2.8±1.6 μL of secondary hemorrhage (≈20% of primary hematoma). In none of the animals, the calculated secondary bleeding volume exceeded the primary injection volume of 15 μL. Of course, these calculated numbers are only approximations, as there are many potential levels of inaccuracies in measurements and estimations. However, they at least provide a rough scale of the secondary bleeding in this model. These calculations showed that secondary bleeds were in fact smaller than the primary hematoma volumes in all cases. Therefore, some apparently very large volumes of secondary bleeds on tissue sections in anticoagulated mice were likely due to diffusion of blood into the tissue to some extent, making the hematomas look larger than the actual amount of blood. The calculations also showed that homologous blood injection yielded larger secondary bleeding than liquid polymer, perhaps because of the solid mass nature of the latter causing pressure hemostasis. Importantly, we do not intend to suggest that the estimations of secondary bleeding in this experimental model accurately reflect the clinical setting. But they provide the proof of concept to support the avalanche theory.
Our data for the first time suggest that dabigatran augments hemorrhage to a similar extent as warfarin in a model of ICH, which contradicts prior reports in another ICH model and in traumatic brain injury. 15, 16 Although data from human studies also suggest that dabigatran is favorable in comparison to warfarin in terms of a reduced rate of occurrence of ICH, number of fatal outcomes was reported to be similar between groups. 23, 24 The results of our study emphasize that hematoma expansion might be aggravated in a subset of patients.
A recent meta-analysis of large clinical studies suggested that intensive BP lowering is associated with a lower risk of significant ICH expansion, 25 although this has not convincingly improved outcomes in randomized clinical trials. [26] [27] [28] In our experiments, higher BP was associated with larger secondary bleeding and the secondary bleeding was markedly reduced using labetalol in anticoagulated animals. Because hematoma expansion usually occurs early after symptom onset, treatment would be expected to be more effective in the earliest phases. 10 Yet, clinical trials typically enroll patients in a broader time window, and it is possible that the absence of benefit from antihypertensive treatment in some trials may be due to late treatment. 25, 29 Moreover, the efficacy of antihypertensive treatment is likely underestimated because clinical trials often excluded patients at the highest risk for hematoma expansion, such as those with large initial hematoma volumes or who are anticoagulated, 25 or who might benefit most from aggressive BP lowering.
Elevated BP is common after ICH, 30 but it is unclear whether it is the cause or the consequence of hematoma expansion. 31 In the blood injection model, we observed a marked increase in BP as a direct response to hematoma formation in otherwise normotensive animals, presumably caused by elevated intracranial pressure (Cushing-Kocher response). In clinical practice, the onset of this immediate rise in MAP is difficult to detect because patients arrive later at the hospital. Our results add to the evidence that BP is a determinant of hematoma expansion. ICH frequently causes an immediate rise in intracranial pressure, which again may lead to increased BP and subsequently larger hematomas. In our model, we observed larger secondary bleeding volumes with faster hematoma growth. This may be explained partly by more pronounced pressure and shearing forces but also by a more sudden rise in intracranial pressure.
Our study was designed to obtain proof of concept, and as such, it has limitations. First, we focused on the hyperacute stage (ie, first 15 minutes), and later time points of assessment might yield larger secondary hemorrhages. Future work will examine the same animal models longitudinally using neuroimaging to better define the natural history of secondary hemorrhage. Second, we used a nonblood liquid polymer to mimic acute hematoma expansion in the first part of our study and used Evans blue as a surrogate for hemorrhage due to vessel rupture in the second part. Although the liquid polymer has a similar viscosity as blood, it is impossible to completely mimic the rheological properties of blood, which consists of cells and plasma, and as such, physical forces leading to mechanical vascular damage by the polymer might be different. Although Evans blue can leak through the blood-brain barrier, this does not take place until hours after ICH. Therefore, Evans blue detected around the hematoma 15 minutes after the primary ICH likely reflected secondary disruption of vessel integrity. Future work could use fluorescent-labeled circulating red blood cells to directly visualize and quantify secondary hemorrhage. Third, we used EDTA for the blood injection model to prevent clotting before injection. We cannot exclude that small amounts of EDTA entered into the brain tissue and artificially exaggerated bleeding from the adjacent vessels. Fourth, we exclusively studied young nondiseased mice, whereas ICH typically occurs in old patients, whose vessels are often remodeled due to chronic hypertension or have small vessel disease such as amyloid angiopathy. Such vessels might be more brittle and prone to break than the elastic vessel walls of younger brains and, therefore, may further accentuate secondary bleeding. Future studies will need to better define the conditions predisposing to or protecting against secondary tears contributing to acute hematoma expansion.
In summary, we provide initial proof of concept suggesting that the injection of blood or a substance with properties similar to blood causes secondary vessel rupture and bleeding depending on the rate and the amount of injection. Vulnerability to secondary bleeding is enhanced in the presence of anticoagulation and high BP. Using this novel model, future work will investigate the biological mechanisms of hematoma expansion in detail (eg, effects of aging, sex, and comorbidities) and test therapeutic strategies. A better understanding of the pathophysiology of secondary hemorrhage might translate into new treatments limiting hematoma growth in the acute phase by preventing vessel rupture.
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